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Quantum vision is currently emerging as an interdisciplinary field synthesizing the physiology of
human vision with modern quantum optics. We recently proposed a biometric scheme based on the
human visual system’s ability to perform photon counting. We here present a light stimulus source
that can provide for the requirements of this biometric scheme, namely a laser light beam having
a cross section consisting of discrete pixels, allowing for an arbitrary pattern of illuminated pixels,
each having a photon number per unit time obeying a Poisson distribution around the mean. Both
the illumination pattern and the photon number per pixel per unit time are computer controlled,
offering simple and unsupervised scanning of these parameters. Moreover, infrared light exactly
superimposed on the stimulus pattern can be used for acquiring exact information on the illumination
geometry on the pupil. The same light stimulus source can be used to advance pupillometry to a
higher level of control and precision, as current pupillometers lack spatial selectivity in illumination.
We present pupillometry measurements demonstrating the potential of this source to offer a wealth
of information on vision and brain function.
I. INTRODUCTION
Quantum vision, the synthesis of quantum optics with
the physiology of human vision is a very promising new
research direction falling into the broader study of quan-
tum effects in biological systems [1–3]. Exciting devel-
opements in this synthesis have been studies of the re-
sponse [4–10] of single (mammalian or amphibian) rod
cells to single photons produced by modern single-photon
sources [11–13]. Alongside several proposals to test quan-
tum mechanics with the human eye [14–19], recent exper-
iments with humans [20, 21] also utilized a single photon
source to test the single-photon sensitivity and integra-
tion time of the human visual system [22], both being
fundamental questions already under investigation with
classical light sources since the 1930s and onwards [23–
27].
From an applied physics aspect, it was recently pro-
posed [28] to use measurements at the human visual
threshold to indentify human subjects, a method termed
quantum biometrics, as it relies on the statistics of pho-
todetection of few-photon coherent light beams. In par-
ticular, the methodology of this proposal is based on mea-
suring the optical loss light suffers along its path to the
retina along several distinct paths illuminating several
distinct retinal spots. These losses can be measured by
illuminating the eye with a coherent light pulse having
a known and controllable photon number, and interro-
gating the subject on the perception of the light pulse.
The optical losses are quantified by a parameter α, where
0 ≤ α ≤ 1, in particular by a whole retinal map of α pa-
rameters. By changing the incident photon number and
registering the human responses, one can scan the proba-
bility of seeing curve from 0 to 1 and infer the individual’s
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α-map. Subsequent measurement protocols can swiftly
identify individuals with quantum-limited security and
an unprecedented performance in terms of false-positive
probability [28].
In this work we report on the development of the light
stimulus source that allows the realization of the afore-
mentioned quantum biometric protocol. In particular,
the source can provide for any pattern of laser light pulses
consisting of up to 25 pixels on a 5× 5 grid, each illumi-
nated pixel having a Poisson distributed photon number
with mean ranging from 10 to 200 photons. Importantly,
both the illumination pattern and the photon number are
computer controlled, as required for using the source in
automatically applying measurement protocols with the
least amount of time from the side of the device’s opera-
tor, and thus the least amount of effort from the side of
the interrogated subject.
Interestingly, the same source, albeit with more intense
pulses, can be used to advance pupillometry [29–31] to-
wards unraveling yet inaccesibe information, and among
several possibilities, open a new window into the hu-
man brain. Indeed, pupillometry studies the dynamics of
pupil diameter changes under illumination and under var-
ious physiological conditions, and has been extensively
used as a diagnostic tool in medicine. The spatially-
selective light stimulus source reported herein will thus
allow to resolve finer detail in a number of pupillometry
studies on opthalmology, neurology, pharmacology and
brain function.
The outline of the paper is the following. In Section
II we present the detailed physical requirements of the
light stimulus source to be used in the aforementioned
quantum vision studies. In Section III we present the ex-
perimental apparatus of the light stimulus source and the
measurements characterizing its performance. In Section
IV we demonstrate the use of the light stimulus source
in spatially selective pupillometry, and conclude with an
outlook in Section V.
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2II. PHYSICAL REQUIREMENTS FOR A LIGHT
STIMULUS USED IN QUANTUM VISION
STUDIES
In this section we first reiterate the idea behind the
quantum biometrics methodology introduced in [28], and
then define the requirements for the light stimulus source
realizing this methodology. Subsequently we briefly in-
troduce pupillometry and make the case that the same
light stimulus source can be used to advance the state-
of-the-art of this medical diagnostic technique.
A. Quantum biometrics with photon counting by
the retina
The workings of the method introduced in [28] are sum-
marized in Fig. 1. If we illuminate the eye with a pulse
of a coherent light beam (duration τ) having N photons
per pulse on average, then due to the optical losses light
suffers along its path towards the retina, only αN pho-
tons will be detected, where 0 ≤ α ≤ 1 is the optical loss
parameter. Typical values for α reach up to 0.2. Thus,
as shown in Fig. 1(a), different light paths will suffer
different losses, leading to a different number of detected
photons in the corresponding illuminated retinal spots.
If we can shine light in several different spots, like in Fig.
1(b), we can form an α-map characteristic for each indi-
vidual. In the schematic example of Fig. 1(b) we have a
5 × 5 grid of illuminated pixels on the pupil, thus form-
ing an α-map having 25 entries. To measure each α we
have to scan the probability of seeing curve, shown in
Fig. 1(c).
This probability can be calculated by considering the
Poissonian photon statistics in the light pulses having av-
erage photon number N , as well as the detection thresh-
old of the visual system. By varying N and interrogating
the human subject on the perception or not of the light
pulses, and doing so for each of the 25 illumination pix-
els, one can infer the α-map for the particular example
of Fig. 1b. This forms the first and time-consuming step
of registering the biometric characteristics of a particu-
lar individual. The identification process is much faster
and rests on classifying the α values in high- and low-α.
When the subject wishes to be identified, one can for ex-
ample simultaneously illuminate two spots having very
low α together with three spots having very high α, and
asking the individual to respond on how many light spots
he/she perceived, given a range of possible answers, e.g.
from 0 to 10. If the individual taking the test is the one
he/she claims to be, the answer would be three with a
high probability. If it is an impostor impersonating some-
body else, the impostor has as an only option to answer
randomly, since all pixels are illuminated with the same
number of photons and no information can thus be in-
ferred on the α-map of the person being impersonated.
In this particular example, the probability for the impos-
tor to get the correct answer is 0.1. By repeating a few
FIG. 1. (a) Biometric methodology introduced in [28]. Light
incident on the eye on different spots travels towards the
retina along different paths suffering different optical losses
(which include the probability of no detection at the partic-
ular retinal spot being illuminated). These losses are quan-
tified by a parameter α. (b) Measuring these losses on a
number of pixels leads to an α-map characteristic of the in-
dividual. (c) The measurement of each α value of the laser
beam grid is performed pixel by pixel by changing the in-
cident photon number and interrogating the human subject
on the perception or not of the light. Shown here are in-
dicative probability-of-seeing curves as a function of the inci-
dent photon number per pulse, N , for three different values
of α. Psee =
∑∞
n=K p(n;αN), with p(n;n) = e
−nnn/n!, i.e. a
sum over a Poisson-distributed photon number for all possible
numbers of detected photons exceeding the visual preception
threshold of K = 6 (see [28, 32]).
such tests one can reject impostors with any desired false
positive probability.
Thus, to realize these measurements we need to be able
to shine laser light beams in an arbitrary pattern illumi-
nating the pupil, i.e. any number of pixels inside a grid of
n×n pixels, which we henceforth call illumination pixels.
The average photon number per pulse per pixel should
be the same for all illuminated pixels, and be controllable
from a small value where the probability of seeing, Psee,
is small to a value where Psee ≈ 1. Refering to Fig. 1(c),
a reasonable range for the photon number is from 20 to
200. Furthermore, to actually realize the most precise es-
timate of α the photon number per pulse per pixel should
have the smallest possible variance, which for coherent
3FIG. 2. (a) Pupillometry is the measurement of the pupil
diameter under various illumination and physiological condi-
tions. (b) Besides its medical diagnostic value, pupillometry
can probe several neural circuits (figure adapted from [30]).
light is equal to the average photon number, i.e. the
photon number follows the Poisson distribution. Finally,
the photon number and illumination pattern should be
computer controlled in order to maximize the speed of
the data acquisition and the comfort of the interrogated
subject.
Before proceeding with the presentation of the afore-
mentioned light stimulus source, we describe how the
same source can advance the precision of a broadly used
medical diagnostic technique, pupillometry.
B. Pupillometry
Pupillometry is about measuring the dynamical
changes of pupil diameter upon various illumination and
physiological conditions. A typical pupil light reflex is
shown in Fig. 2(a). As shown in Fig. 2(b), the dynam-
ics of the pupil are regulated by elaborate neural circuits
of the sympathetic and parasympathetic nervous system.
So far, the light stimulus used in pupillometry is a clas-
sical light source (lamp or led) illuminating a significant
part of the pupil. Precisely measuring the temporal vari-
ation of pupil size under spatially selective illumination
conditions can thus open a new window to studies of
brain function as well as understanding and diagnozing
several neurological diseases [33–40].
C. Light stimulus source of this work
The light stimulus source we develop here can realize
the requirements of the quantum biometric methodology
previously described, and used with a higher intensity, it
can provide for pupillometry studies having spatial selec-
tivity. In particular, in the following we will describe the
development of a laser light beam, the cross section of
which consists of discrete pixels that can be illuminated
or non-illuminated, here in the geometry of a 5× 5 grid.
The photon number per unit time per illuminated pixel,
as well as the specific pattern of illuminated pixels (from
one to all 25) can be computer-controlled. Due to the
coherence properties of laser light, the photon number is
precisely known, as it is Poisson distributed around its
mean value. Additionally, a crucial aspect of the source
is that it involves infrared light exactly superimposed on
the green stimulus light, so that an infrared camera can
monitor, through reflection of the infrared light, the ex-
act geometry of illumination on the pupil.
Other works on studying vision with spatial selectivity
involve single-photoreceptor cell illumination [41–43] us-
ing a broadband supercontinuum laser source containing
both stimulus light and infrared pointing light. The spa-
tial resolution of this methodology is obviously unique,
however it is achieved at the expense of a significantly
more elaborate apparatus. Regarding pupillometry, to
our knowledge there has been a single yet very thorough
study [44] having a gross spatially selectivity, using clas-
sical light to target nasal versus temporal retina.
III. EXPERIMENTAL APPARATUS
The experimental apparatus is shown in Fig. 3. The
stimulus and pointing light is provided by a 50 mW cw
laser at 532 nm and a 30 mW cw laser at 850 nm, respec-
tively. The 532 nm laser goes through an acousto-optic
modulator (AOM), and we use the first-order diffracted
beam for the experiment for reasons to be explained in
the following.
The two beams are then fiber-coupled into a VIS/NIR
fiber combiner (Thorlabs NG71F1), the single output
fiber of which has superimposed both colors on the same
spatial mode. Thus both colors can be readily deliv-
ered to the experiment with common optics. However,
the fiber introduces intensity and polarization fluctua-
tions. A linear polarizer after the fiber output transforms
the latter into the former. Since the experiment requires
constant intensity, the intensity fluctuations need to be
suppressed. To this end, we take advantage of the fact
4FIG. 3. (a) The experimental setup for delivery to the human eye of a desired pattern of pixels having mean photon number
between 20 and 200 photons per integrating pulse of 100 ms (see text for a detailed description). The 532 nm laser is used
for the stimulus light, while the 850 nm laser for monitoring the geometry of stimulation with the camera, using the infrared
light reflection by a glass plate preceding the eye. Both wavelenghts are combined into a fiber and thus propagate towards the
eye in a common mode. The intensity of the 532 nm light exiting the fiber combiner is actively stabilized using the rf power
of the AOM. The illumination pattern is formed by a multi-pass configuration through an LCD. (b) Picture of LCD with the
right-angle prisms used to create the indicated 5 passes through the same pattern of activated/inactivated LCD dots. (c) An
example of an LCD dot pattern creating just one 532 illumination pixel among the 25 possible pixels in the 5 × 5 grid. (d)
Another example creating a 3× 3 illumination grid.
that the intensity of the diffracted beam at the 532 nm
AOM is dependent on the rf power driving the AOM. By
sampling the beam after the fiber combiner output with
a photodiode, and using a stable voltage reference, we
can create an error signal which is the input of a pro-
portional/integral feedback. The output of the feedback
is used to control a voltage-controlled attenuator, which
controls the amplitude of an rf signal at 50 MHz. After
proper amplification, the output of the voltage-controlled
attenuator is fed into the rf input of the AOM, closing
the feedback loop.
It is noted that the photodiode sampling the beam
is illuminated by using a dichroic mirror, which re-
flects about 98% of the 532 nm light exiting the fiber
combiner into the photodiode and transmitts about
100% of the infrared light. Thus the beam transmitted
through the dichroic mirror has a power imbalance of the
green/infrared light at the level of 1/50. The role of the
dichroic mirror will be further explained in Section III.B.
The beam transmitted through the dichroic mirror is
then expanded to a diameter of about 3 cm, of which a
nearly uniform-intensity central part of diameter 1 cm is
directed to a graphic liquid crystal display (LCD). The
purpose of the LCD is to create a desired pattern of il-
luminated pixels. The activated LCD dots are used to
produce an optical loss in the incident beam, so that the
pattern of activated/inactivated dots is transformed into
a pattern of dark/illuminated pixels in the beam’s cross
section.
5FIG. 4. (a) Uniformity of the intensity in the grid of 5 × 5 pixels. (b) Distribution of intensities for all 25 pixels, showing a
non-uniformity at the level of 10%. (c-h) Result of superimposing green and infrared light with the fiber combiner. Shown
here are three examples of arbitrary patterns of pixels illuminated by the 532 nm stimulus light (c-e) and by the 532 nm
stimulus light superimposed with the infrared pointing light at 850 nm (f-h). The presence of the infrared light is seen by the
brightening of the pixels in (f-h) as compared to (c-e). In (c,f) and (d,g) we create arbitrary multi-pixel patterns, while in (e,h)
we create a single illuminated pixel. The infrared background outside the pixel area is due to an excessive number of infrared
photons used for acquiring these images and making the presence of infrared clear in (f-h). All images were obtained by directly
illuminating the CCD camera. In the images (i-k) we display the actual camera view of the corresponding author’s left eye,
for three examples of illumination patterns (for clarity the patterns are reproduced in the insets). The illuminated spots are
visible through the infrared reflection on the glass plate preceding the eye (see Fig. 3). The bright spot in the upper left part
of the pupil is the reflection of the background infrared LED light used for imaging.
A. Illumination pattern control
In particular, the LCD has a grid of 192 × 64 dots,
each of dimension 0.458 × 0.458 mm, and pitch 0.508 ×
0.508 mm. To avoid laser beam diffraction and abbera-
tion due to the 50 µm inactive groves between the dots we
define a ”pixel” for generating the 5×5 grid of 25 illumi-
nation pixels to consist of a 2×2 grid of LCD dots. That
is, each of the 25 pixels has dimension 1.02 × 1.02 mm.
With a higher optical quality LCD we can in principle
significantly increase the number of pixels in the grid.
With an activated LCD dot we obtain a relative op-
tical loss of 0.35 for one-pass of the laser beam through
the LCD compared to an inactivated LCD dot. Since
for the biometrics protocol we wish to have photon num-
bers ranging up to 200 photons per illuminated pixel per
pulse, a dark pixel should present a relative optical loss
on the order of at least 1/200 in order for the photon
number of the dark pixels to be negligible when the il-
luminated pixels have the maximum number of 200 pho-
tons. To obtain such a loss we use a 5-pass configuration
produced by four right-angle prims, two on each side of
the LCD as shown in Fig.3a,b. The combined optical
loss is then 0.355 = 0.005 ≈ 1/200. The LCD dots are
programmed and the prisms are positioned in such a way
that the same dot pattern appears at the position where
the beam is incident on the LCD after being reflected by
the prisms, so that indeed the optical loss is multiplica-
tive with the number of passes.
An example of a LCD dot arrangement producing a
single illuminated pixel is shown in Fig.3c, while an ex-
ample with a pattern of 3 × 3 next-to-nearest neighbor
illuminated pixels is shown in Fig.3d. The dot pattern
on the LCD is produced by a graphic user interface and
then translated into a code driving the LCD’s arduino
controller. Thus, any kind of illumination pattern of the
5 × 5 grid can be computer-generated, either by direct
user input, or by some pre-programmed protocol.
6FIG. 5. (a) Count rate of the single-photon counter monitor-
ing a single pixel of the 5 × 5 illumination grid. As shown
in the inset, all LCD dots but the ones corresponding to the
monitored pixel are activated. Bin size is 12.5 ms. (b) Pois-
son distribution of the counts for one particular value of the
mean number of counts. The counts correspond to 100 ms (8
bins) measurement intervals. The average value of the dark
counts (about 1.4 counts per 100 ms) has been subtracted.
Inset shows the broadening of the distribution when the 532
nm laser intensity exiting the fiber combiner is not actively
stabilized. Red dots depict the Poisson distribution with the
same mean as the counts histogram. (c) Variance Vc ver-
sus mean c of the number of counts for several values of c.
Dashed line is Vc = c. The error σVc of the variance is given
by σ2Vc ≈ 2c2/N , where N = 30000/8 is the total bin number.
The slight increase in the variance with the mean is due to the
2% level of intensity noise after stabilization. It is irrelevant
for our range of interest below 200 counts per 100 ms pulse.
We have furthermore measured the uniformity of the
intensity of the pixels. The result is shown in Fig. 4(a),
showing the distribution of intensities in the 5 × 5 grid.
The relative non-uniformity is at the 10% level, as shown
in Fig. 4(b), which should be acceptable for the quantum
biometrics protocol.
B. Superimposed infrared pointing light and green
stimulus light
A crucial aspect of our source, as compared to the
state-of-the-art in pupillometry described in Section II, is
the fact that we use infrared light as pointing light con-
veying the exact spot of the stimulus on the pupil. This
is achieved by the fiber combiner (Fig. 3), the output
of which contains both the green stimulus light and the
infrared pointing light (not perceived by the human vi-
sual system) in the same spatial mode of the laser beam
exiting the fiber combiner.
The result of this superposition is shown in Fig. 4,
where we show three examples of various illumination
patterns. Images were acquired by the laser beam exit-
ing the LCD directly illuminating a CCD camera, first
with 532 nm light only, and then with 850 nm light su-
perimposed on the 532 nm light. The perfect spatial
superposition is evident by observing the brightening of
the exact same pixels (Fig. 4(c-e)) in the CCD image
when the infrared light is on ((Fig. 4(f-h)).
The final optical element before the eye is a glass plate.
Its purpose is to reflect the infrared light of the beam
through the beam splitter back to the CCD camera (see
Fig. 3), providing information on the exact location of
the illuminated spots on the pupil. This is shown in
Figs. 4(i-k) for three different examples of illumination
patterns. We can now explain the role of the dichroic
mirror mentioned previously. Applying the light stimu-
lus in the biometric identification protocol requires pulses
of light containing 20-200 photons at 532 nm. If the in-
frared and the green light are of similar power, reducing
the power of the 532 nm light exiting the fiber combiner
to the level of 20-200 photons will do so also for the in-
frared light, hence its reflection will not be visible. On
the other hand, reducing the 532 nm light power before
entering the fiber combiner will diminish the signal of
the photodiode and deteriorate the feedback loop. The
dichroic mirror ameliorates both of these problems.
C. Photon number control and photon statistics
As already mentioned, in order to scan the probabil-
ity of seeing curve, we need to be able to change the
incident photon number per pulse from about 20 to 200
photons. To do so we use the feedback circuit that sta-
bilizes the 532 nm laser intensity at the output of the
fiber combiner. The stabilization rests on using the PI
feedback circuit to lock the photodiode signal Vpd to a
stable voltage reference (see Fig. 3). This reference can
7be provided by the analog output, Vref , of a DAQ card,
and can readily change by a factor of 10, e.g. from 10V
to 1V. We can thus set the 532 nm light intensity so that
200 photons per pulse per illuminated pixel correspond
to Vpd ≈ 10 V. Then by changing Vref from 10V to 1V
we can obtain pulses containing 200 down to 20 photons
on average.
To measure the statistical distribution of the photon
number in an illuminated pixel of 532 nm light, we fo-
cus the light of such a pixel into a single photon counter
(Thorlabs SPCM20A). An example of the count rate is
shown in Fig. 5(a). We then measure the distribution of
the counts in 100 ms time intervals for various values of
the mean photon count. We find a Poisson distribution
for all values of the mean that are of interest. An ex-
ample is shown in Fig. 5(b). We note that without the
active stabilization of the 532 nm light exiting the fiber
combiner, the photon count distribution is, as expected,
much wider than a Poisson distribution, as shown in the
inset of Fig. 5(b). Finally, in Fig. 5(c) we plot the vari-
ance of the measured distributions as a function of the
mean for a mean count up to 800, displaying the Poisson
distribution for the region of interest. It is noted that
these measurements represent the actual counts of the
single photon counter and have not been calibrated (us-
ing the various losses and efficiencies) to reflect absolute
photon counts. This is an exercise to be undertaken be-
fore the actual illumination of the human subjects in a
biometric protocol.
IV. QUANTUM PUPILLOMETRY
We will here provide pupillometry data with the goal
to demonstrate the potential of the light stimulus source
to extract new physiological information due to its spatial
selectivity. We will not venture into any physiologial in-
terpretation of the data, but just demonstrate the wealth
of information that can be in principle extracted from the
measurements.
A. Pupil diameter measurement
For measuring the pupil response to illumination, as
presented in the following, we use illumination of a sin-
gle pixel at various positions. In this case the photon
number per unit time is much larger than what would
be in the realization of a biometric protocol. In particu-
lar, for each pixel we have about 40 M photons/s/pixel
incident on the eye, for a duration described with the
horizontal bar in Fig. 7. To extract the pupil diameter
as a function of time, we analyze the image frames cap-
tured by the CCD camera, the frame rate of which was
20fps. In some cases we acquired 350-frame data, and in
some other cases 500-frame data. Each image frame was
slightly blurred to reduce noise, and a greyscale intensity
gradient was defined based on the difference between the
FIG. 6. (a) Contours defined by the image’s intensity gradient
as described in the text. (b) Maximum surface contour defines
the pupil. The green circle is defined by the two furthest
points of the maximum surface contour.
black pupil and the light-grey iris. The definition of this
gradient depends on the ambient light conditions, i.e. al-
though we have a fixed source of infrared LED light il-
luminating the whole eye, small changes in the position
of some optics or small changes in the head’s position
affect this background light conditions. For each set of
frames this gradient definition was optimized by visually
inspecting the resulting circular fits to the pupil. The
latter were obtained after forming the contours defined
by the intensity gradient, the maximum surface contour
corresponding to the pupil. The pupil diameter is the
one resulting from the circle defined by the two furthest
points on the contour. The aforementioned contours and
the resulting circular fit to the pupil are shown in Fig.
6(a) and Fig. 6(b), respectively.
B. Repeatability and variability in the pupil
responses under spatially selective illumination
Variability of the pupil response for illumination of
different spots on the pupil is demonstrated Figs. 7(a-
d). From these responses it is evident that there is
very rich and qualitatively different information to be ex-
tracted from the responses following illumination of dif-
ferent spots. The infromation is e.g. about the specific
features of the response, their timing, the velocity (time
derivative) of the pupil diameter variation etc. Regarding
repeatability for illumination of same or nearby spots, we
note the following. At a practical level, our head and chin
rest does not allow precise and repeatable positioning of
the head and hence the eyes with respect to the illumina-
tion beam. Hence, although we have full information on
the illumination spots through the infrared reflection, it
is currently difficult, as we do not perform any active eye
tracking, to systematically illuminate exactly the same
spot on the pupil. Nevertheless, this does happen several
times along data taking, and for those cases we observe
the repeatable responses of the pupil diameter shown in
Figs. 7(a-d). As mentioned before, it is beyond the scope
of this proof-of-concept work to venture into physiological
interpretations. However, it is not a far stretch to assume
that repeatability is the result of illuminating the same
8FIG. 7. Demonstration of repeatability for near illumination points, and variability for different illumination points. (a-d)
When same or closely spaced spots on the pupil are illuminated, the pupil diameter exhibits very similar response. (d) These
two trace were taken 2 months apart. (e) In this case we managed only once to illuminate close to the pupil’s boundary, and the
pupil’s response alters the light coming in, leading to the observed oscillations. (f) In this case, which can serve as ”control”, all
25 pixels are illuminated, producing a square shaped beam seen by the infrared reflection. It is clear that there is surprisingly
rich information to be extracted from the spatially selective single-pixel illumination (e.g. shape of responses, timing of their
features), as opposed to illuminating the whole pupil indiscriminately. All measurements were performed on the corresponding
author’s left myopic eye.
spot on the retina. It should be noted, however, that this
is not a direct consequence of illuminating the same spot
on the pupil, because a slight relative misalignement of
the head with respect to the laser beam direction within a
set of, say two measurements, might lead to two different
spots (or for that matter a single spot) on the retina, even
if it appears we are illuminating the same spot (or for that
matter two different spots) on the pupil. In particular,
based on the above realistic assumption, the reason that
we can here produce varying responses is that the myopic
subject did not use any correction optics, and thus the
pixel array was indeed mapped on different spots on the
retina (it was also optically perceived as a pixel array).
For emmetropic subjects a lens positioned before the eye
should produce equivalent effects. Finally, another quite
promising observation regarding objective features of the
responses is case Fig. 7d, where the two quite similar
responses were measured 2 months apart.
As another example demonstrating the wealth of infro-
mation that can be extracted is Fig. 7e, which exhibits
clear oscillations during the illumination period. This
is because the illumination point is at the boundary of
the pupil. When illuminated, the pupil closes and the
received light almost disappears, prompting the pupil to
reopen, and so forth. It is e.g. expected that the oscilla-
tion period can be connected to fundamental properties
of the responsible neural circuits. In this case we man-
aged to stimulate the boundary point only once, hence
the single response.
Finally, for the sake of having a ”control” measure-
ment, we turned on all 25 pixels forming an illumination
square. Its infrared reflection, along with the correspond-
ing repeatable response is shown in Fig. 7f. Whatever the
response, and whatever the mechanism producing such a
response from a broad illumination, it is obvious that
this represents just one type of response carrying lim-
ited information compared to the full array of responses
following spatially-selective illumination.
V. CONCLUSIONS
Using modern tools of photonics technology, we have
presented a light stimulus source capable of providing a
coherent light beam in the optical spectrum, the cross
section of which consists of discrete pixels, the illumina-
tion of an arbitrary pattern of which is computer con-
trolled. Moreover, the photon number per unit time per
pixel is precisely known, as it is distributed according to
9Poisson statistics describing coherent light. The mean
photon number per unit time per pixel can be chosen at
will within a range of at least an order of magnitude,
also by computer control. Additionally, infrared light is
exactly superimposed in the same beam as the stimu-
lus light in the optical spectrum, so that it can provide
precise information on the point of illumination through
reflection.
The light stimulus source reported herein can be used
to realize protocols for quantum biometric identification
using the visual system’s ability to perform photon count-
ing. Furthermore, it can be used to study the pupil re-
flex dynamics with spatial selectivity of illumination, and
thus probe the relevant neural circuits, or diagnose sev-
eral medical conditions, with increased precision.
Another possible application in opthalmology is in vi-
sual perimetry [45], where the visual field is measured
using a classical light source that might or might not
have Poissonian statistics and hence might or might not
have a precisely known stimulus intensity.
Finally, we project that a more advanced version of this
light stimulus source can be developed by using quan-
tum light instead of coherent light, possibly leading to
a quantum-enhanced understanding of the human visual
system.
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